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Background: The enzyme “Glul” is key to the synthesis of critical glycoproteins in the cell.

Results: We have determined the structure of Glul, and modeled binding with its unique sugar substrate.

Conclusion: The specificity of this interaction derives from a unique conformation of the substrate.

Significance: Understanding the mechanism of the enzyme is of basic importance and relevant to potential development of

antiviral inhibitors.

Processing a-glucosidase I (Glul) is a key member of the
eukaryotic N-glycosylation processing pathway, selectively cat-
alyzing the first glycoprotein trimming step in the endoplasmic
reticulum. Inhibition of Glul activity impacts the infectivity of
enveloped viruses; however, despite interest in this protein from
a structural, enzymatic, and therapeutic standpoint, little is
known about its structure and enzymatic mechanism in cataly-
sis of the unique glycan substrate Glc;MangGlcNAc,. The first
structural model of eukaryotic Glul is here presented at 2-A
resolution. Two catalytic residues are proposed, mutations of
which result in catalytically inactive, properly folded protein.
Using Autodocking methods with the known substrate and
inhibitors as ligands, including a novel inhibitor characterized
in this work, the active site of Glul was mapped. From these
results, a model of substrate binding has been formulated, which
is most likely conserved in mammalian Glul.

N-Glycosylation, the addition of a glycan to an asparagine
residue, is the most common post-translational modification in
eukaryotes, with over half of all eukaryotic proteins estimated
to be glycosylated (1). The presence and identity of an N-glycan
on a protein affect stability, folding, and intermolecular inter-
actions. More broadly, N-glycans play critical roles in reaction
kinetics modulation, intracellular protein trafficking, and cell-
cell adhesion and communication. Several enveloped viruses
require N-glycosylation of their coat proteins for successful
infectivity (2); as such, the N-glycosylation pathway is of key
antiviral therapeutic interest. Thus, structural and mechanistic
investigations into enzymes that mediate N-glycosylation are of
fundamental importance to studies of human health and

physiology.
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Assembly and processing of the protein-glycan conjugate
takes place in the endoplasmic reticulum and Golgi in an intri-
cate, branching, multistep system (3). At the initial stage of this
pathway, the enzyme “processing a-glucosidase I” (Glul)? cat-
alyzes the selective removal of the terminal glucose from the
newly linked glycoprotein, in a co-translational process. Glul
holds a key regulatory position in the N-glycosylation pathway
by maintaining forward momentum of the glycan transfer reac-
tion and by working in conjunction with the folding quality
control system (4—6). Loss or inhibition of Glul prohibits fur-
ther glycoprotein processing in the endoplasmic reticulum, and
also has an impact on the resident lipid-linked and free oligo-
saccharide species’ populations (7-9). Of therapeutic rele-
vance, inhibition of Glul activity results in reduced assembly
and infectivity of several enveloped viruses including hepatitis
B and C, influenza, HIV, and others (10-14). However, the
known inhibitors are not specific, resulting in undesirable side
effects. A specific inhibitor for Glul could impact viral infectiv-
ity, whereas avoiding off-target interactions. The knowledge of
the structure and catalytic mechanism of Glul would greatly aid
in design or discovery of such an inhibitor.

Glul is a single-pass type II transmembrane protein of ~80—
110 kDa, with the bulk of the protein including the catalytic
region found in the endoplasmic reticulum lumen (15-18). The
biological substrate for Glul is Glc;Man,GIcNAc,, whether
dolichol-linked, protein-linked, or as a free oligosaccharide;
Glul cleaves the terminal glucose-a(1—2)glucose glycoside
linkage, releasing glucose. In all eukaryotic homologs tested,
Glul is specific for this linkage, and the minimum cleavable
substrate is glucotriose with a(1—2) and «a(1—3) linkages as
found in the native substrate (15, 19-22). The glucose-
a(l—2)glucose disaccharide, kojibiose, inhibits Glul activity
weakly (15, 23). Interestingly, the only documented biological
occurrence of this glucotriose is found in the eukaryotic N-gly-
cosylation pathway; thus, the relationship between this enzyme
and this substrate is unique in biology.

3 The abbreviations used are: Glul, processing a-glucosidase I; GH, glycoside
hydrolase; r.m.s., root mean square; DNJM, deoxynojirimycin; PDB, Protein
Data Bank.
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As a glycoside hydrolase (GH), Glul is a member of the CAZy
database GH family 63 and clan GH-G whose members operate
via an inverting mechanism; the catalytic acid and base are not
definitively known (24, 25). A substrate binding motif in the rat
and mammalian homologs has been proposed (26), but no
eukaryotic structures have been determined. Two structures
have been solved of prokaryotic GH63: the Escherichia coli
homolog YgjK (27) (PDB code 3D3I), and the T. thermophilus
homolog TTHA0978 (PDB ID 2707, RIKEN structural geno-
mics). Both structures contain an (a/a)4 toroid fold, whereas
YgjK possesses an additional N-terminal super-B-sandwich
domain. Neither of these structures is sufficiently similar to
mammalian Glul to act as a realistic model at the atomic level.

Much of what we know about the characteristics of Glul has
been learned from studying the Saccharomyces cerevisiae
enzyme, Cwh41p, which we have stably purified from Pichia
pastoris overexpression as a transmembrane-deletion con-
struct, Cwhtlp (28). Cwh41p and human Glul share 24% over-
all identity and from 34 to 59% identity in the catalytically active
C-terminal domain (17), and so similar structures are expected.
Yeast and human Glul share similar substrate specificity, pH
optimum, and inhibitor sensitivity (19, 29). In both enzymes,
arginine, tryptophan, or cysteine modification results in an
inactive enzyme (26, 30, 31). Thus, the yeast enzyme serves as a
good experimental model to learn more about the structure,
substrate specificity, and enzymatic mechanism of human Glul.

In this work, we have determined the structure of Cwhtlp to
2 A. Based on structural similarity, the active site residues are
proposed to be a glutamate (Glu””") and an aspartate (Asp>®®)
in the center of the (/) barrel that forms the catalytic C-ter-
minal region. The crystal packing prohibits experimental
active-site investigations due to occlusion of the active site by a
His, purification tag from a crystal contact. Therefore, the
active site was investigated by in silico methods using small
ligands. These analyses indicate a basis for the substrate speci-
ficity of Glul and features important for inhibitor development.

EXPERIMENTAL PROCEDURES

Data Collection, Structure Phasing, and Refinement—The
growth of diffracting Cwht1p crystals was described in our pre-
vious work (28). A heavy-atom approach to phasing was taken
with a panel of heavy atoms first screened using a gel-shift assay
to prioritize the compounds (32). The successful phasing signal
was obtained from ethyl mercuric phosphate, which was soaked
into the crystal at 1 mu for 16 h prior to freezing.

Cwhtlp crystals were looped into 1:4 paratone:mineral oil
(Hampton) as cryoprotectant and flash-frozen in a nitrogen
stream at 100 K. Diffraction data for the native crystals were
collected on an ADSC Quantum-4 CCD detector at the Cornell
High Energy Synchrotron Source (CHESS), F-1 beamline. Data
from the mercury-derivative crystals were collected on the
ADSC Quantum-315 CCD detector at the Advanced Photon
Source (APS), BioCARS, 14-BM-C beamline, at the Argonne
National Laboratories.

All diffraction data were processed using HKL-2000 (33).
Single anomalous diffraction phasing was performed with
AutoSol within the PHENIX (Python-based Hierarchical Envi-
ronment for Integrated Xtallography) program package (34).
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Glul crystallized in space group P2,2,2,, with one molecule in
the asymmetric unit. The Matthews coefficient is 2.6 A%/Da,
corresponding to 49.5% solvent. Single anomalous diffraction
phasing with the mercury-derivatized dataset gave eight heavy
atom sites with a phasing figure of merit 0.493 and Bayes cor-
relation coefficient of 53.3. Following phasing and density mod-
ification, an initial model was auto-built using the automated
program Autobuild in PHENIX (34), containing 588 residues,
with R/Rq,.. of 0.341/0.366. This initial model was manually
built in Coot and refined with Refmac in CCP4 against the
native data set, giving a final model containing 788 (of 813)
residues, with an R/R;... of 0.204/0.178 (35-37). The Molpro-
bity web server was used to evaluate the structure quality dur-
ing and after refinement (38). As calculated by MolProbity,
there were no Ramachandran outliers, no Cg deviations, and an
acceptable value (<1%) of poor rotamers (0.57%) in this struc-
ture. The coordinates of the final refined model have been
deposited in the Protein Data Bank (39) with code 4J5T.

Cwhtlp Structure Analysis, Comparison, and Prediction
Methods— A variety of software packages and web servers were
used to evaluate and analyze the Cwhtlp structure. Crystal
packing interfaces were evaluated using the PDBePISA (Protein
Interfaces, Surfaces, and Assemblies) web server (40). Cwhtlp
was queried using the DALI Lite version 3 server to determine
similar structures in the Protein Data Bank for comparative
analysis (41). When querying based on domains, the Cwhtlp
model was split into the N-domain (residues including linker
region; residues 1-386) and the C-domain (excluding the non-
native C-terminal tag; residues 287—-800). Pairwise structural
comparisons and r.m.s. deviation calculations were performed
using the Dali Pairwise server. Structure-based sequence align-
ments were performed using the PROMALS3D server (42).
Electrostatic surface calculations were performed with
CHARMM using the PBEQ server (43). Structural figures were
generated using the PyMol program. Two-dimensional inter-
action diagrams were adapted from the PoseView server output
(44).

Construction, Expression, Activity, and Crystallization of
Cwhtlp Mutants—Catalytic residues were proposed based
upon structural similarity with other glycoside hydrolases.
These residues (Asp®®® and Glu””") were mutated using site-
directed mutagenesis of Cwhtl-pPICZaAAXhol (plasmid
described previously (28). The primers used for the single (DN,
DA, EQ, EA) mutations are as follows (5’ to 3’ forward and
reverse primers for each): DN, GCCAAGCGGTATGAACGA-
CTATCCTAGAGCACAAC, GTTGTGCTCTAGGATAGT-
CGTTCATACCGCTTGGC; DA, GCCAAGCGGTATGGCA-
GACTATCCTAGAGCACAAC, GTTGTGCTCTAGGATA-
GTCTGCCATACCGCTTGGC; EA, GGAAGAACAAGGTT-
ATTGTTATGCCAATTACAGTCCGATAGATGG, CCAT-
CTATCGGACTGTAATTGGCATAACAATAACCTTGTT-
CTTCC; and EQ, GGGAAGAACAAGGTTATTGTTATCA-
AAATTACAGTCCGATAGATGGTC, GACCATCTAT-
CGGACTGTAATTTTGATAACAATAACCTTGTTCTTCCC.

Double mutants (DAEA, DNEQ) were constructed sequen-
tially, using the single mutants; all mutations were confirmed by
sequencing. The plasmid PCR products using these primers
were digested by Dpnl to remove non-mutated clones, and
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transformed into P. pastoris X33 using the PEG transformation
method as described for native Cwht1p (28). The six single and
double mutant proteins were purified and their activity tested
using the same protocol as the native Cwhtlp (28).

Note that the residue numbering in this work is consistent
with our previous Cwht1p publication (28), and begins after the
33 additional residues present in the full-length Cwh41p. Thus,
residue 1 is methionine, and the Cwhtlp construct expressed
here from pPICZaAAXhol contains 4 residues prior from the
expression vector (Glu —3 to Phe 0). Both the N and C termini
are non-native in this protein, being a N-terminal transmem-
brane-deletion construct with a C-terminal His tag.

For low-resolution structural characterization of the
mutants, circular dichroism (CD) was performed. The CD
spectra of native and mutant proteins were measured on an
Aviv model 62 DSA spectrometer. Samples were prepared with
3.5 um protein in 20 mm sodium phosphate, pH 6.8, 100 mm
NaCl. Spectra were collected from 320 to 205 nm with a 1.0-nm
bandwidth and 1-mm path length.

Inhibitor Screening—Michaelis-Menten kinetic parameters
have been determined for Cwhtlp with synthetic trisaccha-
ride and tetrasaccharide substrates, subregions of the
Glc;Man,GlcNAc, biological substrate (28, 45). The same
assay was used here to screen a panel of compounds for their
inhibition of Cwhtlp. Briefly, Cwhtlp is incubated with the
tetrasaccharide substrate for 10 min, and the reaction subse-
quently quenched. Product concentration is then determined
using the colorimetric Glucose Oxidase assay (Sigma).
Dimethyl sulfoxide-dissolved compounds (supplemental Fig.
S1) were screened for inhibition by preincubating the com-
pound with the enzyme for 10 min prior to substrate addi-
tion. Enzymatic activity was calculated as a relative to the
control. The compounds screened for inhibition were ini-
tially assayed at 1 mum final concentration; compounds show-
ing substantial inhibition were subsequently tested at a range
of concentrations.

Intrinsic Fluorescence of Cwhtlp with Glucose—Glucose-
Cwhtlp binding was investigated using tryptophan fluores-
cence experiments. Fluorescence spectra were measured with a
Shimadzu Scientific Instruments RF-5301PC Spectrofluoro-
photometer. Samples were excited at 295 nm and the fluores-
cence emission observed from 290 to 420 nm. The slit width
was set to provide a band pass of 10 nm for excitation and 3 nm
for emission. The cuvette was thermostatted at 20 °C. Samples
were prepared with 15 um Cwhtlp, 20 mMm sodium phosphate,
pH 6.8, 100 mm NaCl, and a range of glucose concentrations (35
mM to 3.5 M).

Docking Sugars and Inhibitors into the Active Site—Ligands
were docked in silico into the proposed active site of Cwhtlp.
The ligands (glucose, miglitol, deoxynojirimycin, kojibiose, and
glucotriose) used in these docking runs include sugars that
form part of the biological substrate, as well as known inhibi-
tors. All docking runs were performed using AutoDock Vina
(46). Energy-minimized oligosaccharide PDB files were gener-
ated using the GLYCAM Carbohydrate Builder. Cwhtlp and
ligand pdbqt files were prepared for docking input in the Auto-
Dock Tools GUI, which calculates surface grids with partial
atomic charges. All non-ring bonds in the ligands were set as
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rotatable. AutoDock Vina was used to run the docking ina 36 X
36 X 36 A% box around the active site. The exhaustiveness was
set to 150, and the top output poses were ranked by their cal-
culated binding affinities.

RESULTS

Cwhtlp Structure—The structure of Cwht1p was solved to 2.04
A (structure and topology in Fig. 1 and supplemental Fig. S2;
crystallographic statistics in supplemental Table S1 and
“Experimental Procedures,” PDB code 4J5T). Cwhtlp is a glob-
ular protein, with dimensions roughly 95 X 45 X 55 A, consist-
ing of two domains. The N-domain (residues —2 to 278)
consists of an N-terminal a-helix (NH1), a 13-strand super-f3-
sandwich (NS1-NS13), and two a-helices (NH1,2) between
NS11 and NS12. The N- and C-domains are connected by 42
residues, which includes one linker a-helix, LH1. The C-do-
main (residues 320 to 808) consists of 12 helices (CH1-CH12) in
an (a/a), toroid bundle, with an extra structural unit, the C'-re-
gion, containing two a-helices (C'H1,2) and eight B strands
(C’'S1-8). Density was missing for one amino acid at the N
terminus, and for two loops (residues 226 -231 between NH,
and NH3, and residues 474 — 492 between CH4 and CH6). Two
N-glycans, consisting of two GlcNAc residues each, were visible
in the electron density, linked to asparagines 9 and 89 in the
N-domain of the structure. One disulfide bond is present
between cysteines 636 and 652. The final refined model con-
tains 284 water molecules.

Cwhtlp expressed here in P. pastoris is an N-glycoprotein, as
previously determined through PNGase treatment and a band
shift on SDS-PAGE (28). Based on the 2— 4-kDa band shift upon
deglycosylation, and assuming identical composition of both
glycans (N9 and N89 in the structure), roughly 3— 8 more resi-
dues would be likely present on each glycan, but are disordered
in the crystal. Neither glycan site is located near a crystal pack-
ing interface, and both glycans point away from the protein,
with no major protein-sugar contacts seen in the modeled res-
idues. There was no unmodelled density at nearby symmetry-
related proteins in the crystal to suggest that glycans were par-
ticipating in the crystal packing at the distal end.

Crystal Packing and Interfaces—There are two major crystal
packing interfaces (Fig. 24), with a calculated free energy of
solvation of —14.5 and —5.1 kcal/mol, for the large (1456 A?)
and small (747 A?) interfaces, respectively, with negative values
indicating thermodynamic favorability. Contained within the
large interface is the His, tag of a symmetry-related mate in
the crystal (Fig. 2, B and C), which itself contributes 491 A of
the buried surface area, and —5.4 kcal/mol of the solvation free
energy of that interface.

Similar Structures—A DALI search of the PDB gave several
hits with high Z-scores and good structural similarities to
Cwhtlp (supplemental Table S2). Within the list of hits, the
shorter-length proteins aligned only to the C-domain. The lon-
ger proteins possessed regions similar to both the N- and C-do-
mains of Cwhtlp, with variability in the interdomain orienta-
tion. Notably, the top two DALI hits were YgjK and
TTHAO00978, the two bacterial GH Family 63 structures. A
structure-based multiple sequence alignment of Cwht1p, YgjK,
and TTHAO00978 was performed in conjunction with human
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C-domain

C’ region L

N-glycans at Asn89 and Asn9

7 A

FIGURE 1. Structure of Cwht1p. a-Helices are shown in red; B-sheets in purple; random coil in green; glycans shown in orange. In the center view, the N and C
termini are at the back of the structure, pointing into the page. Rotated views at left are not to scale with the center view. The two loops that could not be
modeled due to lack of density are indicated with a single asterisk (residues 226 -231) and double asterisks (residues 474 —492). Top right shows a stick model of
GIcNAG, linked to each of asparagine residues 89 and 9, modeled into electron density map. At bottom right, a larger view of the C-domain center, with
secondary structure elements labeled as discussed under "Results” (C or C’ for C-domain or C'-region, respectively; H or S for the helix or strand secondary
structure, respectively, numbered within those regions); side chains of residues Asp®®® and Glu’’" are shown in orange sticks. (Note: Fig. 4 is in the same

reference orientation.)

and rat primary sequences, with the C-terminal alignment pre-
sented in supplemental Fig. S3.

GH Family 63 Structures and Alignment—The two domains
in Cwhtlp are found in numerous other solved protein struc-
tures (supplemental Table S2). Cwht1p shares the highest sim-
ilar overall architecture with the two-domain protein YgjK
(E. coli GH 63 member); in an overall superposition, with C-do-
mains of YgjK and Cwht1p matched, the N-domains are rotated
~15° relative to each other along the major axis of the protein
(supplemental Fig. S44). When comparing individual domains,
the N- and C-domains share backbone r.m.s. deviations of 2.6
and 2.5 A, respectively. TTHA0978 (the Thermus thermophilus
GH 63 member) has a single domain, structurally similar to the
C-domain of Cwhtlp (backbone r.m.s. deviations 2.7 A). No
other GH 63 structures have been solved to date. Trehalase
(Tre37), the third hit, is a known glycoside hydrolase in family
37, and shares the GH-G fold architecture with GH 63 proteins.
Subsequent neighbors are glycoside hydrolase members of the
GH-L clan, containing similar (/) barrel and super-£-sand-
wich domains. Both TTHA00978 and Tre37 contain only the
(/)¢ toroid domain, whereas the remainder of the hits
listed additionally contain the super-B-sandwich domain.
Alignment at the known active site between the top four
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similar structures and the Cwhtlp structure is indicated in
Table 1 and supplemental Fig. S4C.

Mutant Protein Purification and Characterization—Based
upon proposed active site residues suggested by the structure,
six point mutants of Cwhtlp were expressed in P. pastoris and
purified using nickel-nitrilotriacetic acid IMAC and gel filtra-
tion chromatography (supplemental Fig. S5, A-C). All mutants
show no catalytic activity against the tetrasaccharide substrate
(supplemental Fig. S5D). Circular dichroism data of the
mutants and native protein (supplemental Fig. S5E) indicate no
gross structural changes between the mutant and native
proteins.

Glucose and Inhibitor Binding Experiments—Prior to in silico
docking experiments, we examined Cwhtlp binding with glu-
cose (the reaction product) and candidate inhibitors. Trypto-
phan fluorescence of Cwhtlp in the absence or presence of
glucose was performed, with the spectra presented in Fig. 3A.
No shift in the peak wavelength was seen upon the addition of
glucose; A, was observed at 330 nm in all spectra. Increasing
the glucose concentration results in increased intensity of tryp-
tophan fluorescence, suggesting stable binding of glucose at
tryptophan-rich sites. Of the 18 tryptophan residues in
Cwhtlp, eight are exposed to the solvent, and four are found in
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FIGURE 2. Cwht1p packing in the crystal. A, there are two major packing interfaces with the central gray monomer (surface representation), interacting with
the lower ribbon structure (747 A2 buried) and upper ribbon structure (1456 A2 buried) of symmetry-related mates. B, the His4 tag of the upper symmetry-
related mate is found in the proposed active site cleft of the central monomer. The density around the histidine residues is shown in a 2F, — F_ map contoured
at 2.0 o, and the residues are labeled in white text. Residues interacting with the His tag are shown in sticks, and labeled in dark text. C, two-dimensional
representation of the interactions in the crystal between the terminal histidines of one monomer with its symmetry-related mate. Hydrogen bonds and

stacking interactions shown in dashed lines.

TABLE 1
Structural alignment of (a/a)s domains of Cwht1p homologs

The (a/a), domains of the top four characterized structural homologs from a DALI search were aligned with the C-terminal domain of Cwhtlp using the DALI-Lite server.

PDB DALI R.m.s. deviations (A) Sequence % ID with
Protein code score from Cwhtlp C-domain C-domain of Cwhtlp Catalytic residues
E. coli GH63, YgjK 3D31 30.7 2.5 20 Asp®'« Glu”"*
Trehalase (Tre37A) 2JF4 30.1 2.6 15 Asp>'? Glu*®
Chitobiose phosphorylase (ChBP) 1V7W 25.3 3.2 11 Asp®? GIn®°
Glucoamylase (tGA) ILF6 20.5 3.4 12 Glu*® Glu®*®
Cwhtlp Asp®o8 Glw71a

“ Proposed residues.

the proposed active site pocket (Trp®®', Trp”*°, Trp”*®, and
Trp’®°). The presence of 18 tryptophans prevents conclusions
about which particular residues may be interacting with the glu-
cose molecules: multiple binding locations are possible, and glu-
cose interaction could cause conformational changes potentially
altering the local chemical environment around tryptophan resi-
due(s). However, given the fact that half of the solvent-exposed
tryptophans are found in the active site, and that this enzyme is
active upon glucose-oligosaccharides giving glucose as a product,
it is reasonable to expect that there is likely glucose binding to the
active site, supported by the tryptophan fluorescence results.
Thus, these data encourage further in silico docking to the Cwhtlp
active site for investigation of substrate/ligand binding modes.

ACSEV SN
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Six known glycoside hydrolase inhibitors (supplemental Fig.
S1) were screened for inhibition of Cwht1p activity, with results
shown in Fig. 3B. Of the six, only miglitol was an effective inhib-
itor at 1 mm; a dose-response curve indicated that miglitol
inhibits with an IC,, of 22 um (Fig. 3C). Due to constraints on
the tetrasaccharide substrate availability, a full K| could not be
determined; however, this IC, is in the same range as the K;
value of the parent compound deoxynojirimycin (DNJM) of
miglitol (50 um). As a glucose analog, it is likely binding in the
active site of the enzyme, as has been seen in other inhibitor-
bound glycosidase structures (47-50).

In an attempt to displace the histidine tag from the active site,
the structures of Cwhtlp soaked with inhibitor (DNJM and
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FIGURE 3. Experimental support for glucose and inhibitors binding Cwht1p. A, tryptophan fluorescence of Cwht1pin the presence and absence of glucose.
Fluorescence increases upon the addition of glucose, but no peak shift is seen. Inset, relative fluorescence at the peak wavelength (330 nm). B, screening of
compounds for inhibition of Cwht1p; all compounds are at a final 1 mm concentration. C, dose dependence of Cwht1p inhibition by miglitol.

miglitol) were solved to 2.1 A (supplemental Table S$3). Despite
high concentrations of inhibitor, the histidine tag was not dis-
placed from the active site of the symmetry-related mate (sup-
plemental Fig. S6). Extensive efforts to crystallize the protein
following enzymatic cleavage of the histidine tag were
unsuccessful.

Glucose and Inhibitor Docking in Silico—The compounds
a-D-glucose, miglitol, DNJM, and kojibiose (a-D-glucose-
(1—2)-a-p-glucose) were independently docked to a single
molecule of Cwht1p (that is, with no His tag in the active site) in
a box around the active site, and the top binding results (poses)
were modeled. The top poses for each are overlaid in the
Cwhtlp structure in Fig. 4A. The single-ring ligands all docked
into two locations: the pocket containing the proposed catalytic
residues (“site A”), and a second pocket roughly 12 A away
formed by residues 419 — 455 in the C' region (“site B”). Site A is
the proposed active site pocket, and the single-ring ligands
docked here (including the top pose) make polar contacts with
Cwhtlp residues Trp>**, Asp®*?, Arg**®, Gly*®¢, Asp®°%, Trp”*°,
and Glu””*. The single-ring ligands binding to site B make polar
contacts with Cwht1p residues Glu***, Glu**?, Arg*?®, Glu**,
Phe***, Val**¢, GIn**, and Asn**®, No stacking interactions
were seen between these ligands and Cwhtlp aromatic resi-
dues. The calculated binding affinities for glucose, DNJM, and
miglitol ranged from —5.2 to —6.0 kcal/mol, —4.7 to —5.2 kcal/
mol, and —5.0 to —5.5 kcal/mol, respectively.
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The top binding affinities for glucose, DNJM, and miglitol
from the docking results were —5.9, —5.5, and —5.2 kcal/mol,
which equate to calculated K; values at 37 °C of 69, 132, and 215
M, respectively. Glucose as an inhibitor has not been directly
tested in the activity assay used here, as it is a substrate for the
secondary/reporter glucose oxidase reaction. An indirect eval-
uation of glucose inhibition can come from its presence as a
product of the Cwhtlp catalytic reaction. In the activity assay,
the reaction rate first decreases slightly at the longest time point
tested (120 min), which contains 120 um glucose product (38).
This activity decrease is likely due to product inhibition of
Cwhtlp, and is seen to be in the same order of magnitude as the
calculated glucose K; value of 69 um.

The disaccharide kojibiose contains the structure of the two
terminal a(1—2)-linked glucoses in the natural substrate,
Glc;ManyGlcNAc,. As a larger molecule, kojibiose had a more
complex set of results, with the top nine poses overlaid in the
bottom panel of Fig. 4A. The top kojibiose poses ranged in cal-
culated affinity from —6.5 to —7.1 kcal/mol. Four poses were
found within site A, and overlaid well (maximum r.m.s. devia-
tions 0.5 A from top pose in this site). They are oriented with
their non-reducing glucose in site A and their reducing end
situated under the loop containing helix C'H1. Five poses were
found in site B, four of which were situated with the non-reduc-
ing glucose of kojibiose in the site B pocket. These poses are
loosely in the same position (maximum r.m.s. deviations 1.9 A
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FIGURE 4. Ligand and substrate docking to Cwht1p. A surface representation of Cwht1p, in the same orientation as Fig. 1, with the active site residues
indicated in red. Small ligands (glucose, DNJM, Miglitol, and kojibiose) and glucotriose were independently docked into a volume surrounding the active site,
and all poses generated fell within the box drawn, into site A and/or site B. The top poses of each ligand are presented as sticks. A, small ligand binding. The
calculated affinity of the poses is indicated in a rainbow: highest affinity in red, lowest in violet. The residues of each kojibiose molecule are shown in green
(non-reducing terminus) and yellow (reducing terminus). B, glucotriose binding. The chemical structure of glucotriose is shown to indicate coloring. Left,
surface of Cwht1p active site cleft with all top glucotriose poses shown, separated into four binding modes. To show the full sugar molecule in the active site,
the model is rotated 45° to the right relative to panel A. The highest affinity binding mode is shown at bottom. Center left, distance from Glc1 Carbon 1 (anomeric
carbon) to the proposed catalytic residues. Center right, polar and stacking contacts between the sugar residues of the top pose of each mode with Cwht1p
amino acids. Far right, geometry of glucotriose poses in site A. The Glc1 (C4)-Glc2 (C4)-Glc3 (O5) angle is measured to compare the relative compactness of the
trisaccharide geometries. The trisaccharide is shown with the angle in the plane of the page and normal to the page. The angle size is indicated in red.

between poses), all oriented with the non-reducing glucose in
the pocket, and the reducing end pointing outward in a direc-
tion away from site A. The outlying pose found in site B has an
opposite orientation: the reducing glucose is in the site B
pocket, with the non-reducing glucose pointing outwards. No
stacking interactions between kojibiose residues and Cwhtlp
aromatic residues were seen in any binding modes.
Glucotriose Docking in Silico—Glucotriose (a-D-glucose-
(1—2)-a-p-glucose-a-p-(1—3)-[1-methyl-a-p-glucose]) is the
minimum substrate cleaved by Glul. In this trisaccharide, glu-
coses 1, 2, and 3 are numbered from the non-reducing end. In
docking results with respect to Cwhtlp, the location of Glc1 is
termed subsite —1, and Glc2 is found in subsite +1; Cwhtlp
cleaves the bond between these sugar residues. The electrophile
of the glycoside hydrolysis reaction is carbon 1 of Glcl.
Glucotriose docking was performed to investigate potential
catalytic binding sites of the minimum substrate of Cwhtlp,
and the subsites occupied by its sugar residues. The top nine
docked poses were investigated, showing binding affinity rang-
ing from —6.5 to —7.6 kcal/mol. These poses were manually
sorted into sets of binding modes from the roughly common
orientations between poses (Fig. 4B), giving four major binding
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modes: Al, A2, A3, and B, based upon the site (A or B) occupied
by the trisaccharide. The Cwhtlp contacts with each sugar res-
idue are listed in Fig. 4B.

Of the four glucotriose binding modes, mode B is the most
distinct. As seen in Fig. 4B, mode B contains Glcl in site B,
inaccessible to the proposed catalytic residues; there are no
other suitable acid/base amino acids in this location to act as
catalytic residues. As a result, this mode does not likely reflect
the binding site for the glucotriose substrate, and it will be
excluded from further analysis in proposing the catalytic site.

The remaining binding poses were docked into site A. In
modes Al and A2, Glcl is found in the active site pocket. Con-
versely, in mode A3, the active site pocket contains Glc2. Com-
paring the Al and A2 modes, the Glc2 and Glc3 residues are
rotated 45° from the Glc1-Glc2 axis. In all three of these bind-
ing modes, carbon 1 of Glcl1 is situated appropriately for glyco-
side hydrolysis by Asp®*® and Glu””", the proposed catalytic
residues.

Determination of the Substrate-binding Model—In evalua-
tion of the binding modes to determine the likeliest substrate-
binding model, we investigated the glucotriose conformation.
Glul enzymes from yeast and mammalian sources do not cleave
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simple sugar substrates such as p-nitrophenyl-a-glucose; they
require a minimum trisaccharide of three non-reducing termi-
nal sugars from the 14-mer oligosaccharide substrate (22, 28,
38). This linkage is unique in biology; no other reports of such a
glucotriose are found in the literature. As a result of Glc2 having
two glycoside bonds at neighboring carbons (1 and 2), this glu-
cotriose has a unique shape: it is non-linear, and bent back on
itself, with an expected intra-chain interaction between Glcl
and Glc3. Glul is highly specific for this sugar, and does not
cleave other linear glucose chains, indicating that this bent-
back shape may be important for interaction with the active
site, and may be a selectivity determinant for binding and/or
catalysis.

The sugar conformation in binding modes Al and A2 have
similar shapes: they have an 80° angle along the chain, in com-
parison to the much more acute A3 mode (Fig. 4C). Further-
more, there is an intra-saccharide stacking interaction in A3,
between Glcl and Glc3, which is not seen in the other modes.
This stacking interaction lines up well with Tyr”®° in the active
site. This evidence, with the highly specific and unique relation-
ship between Cwhtlp and its substrate, places binding mode A3
as the likeliest binding mode.

Residue Conservation Supports Mode A3 as the Substrate-
binding Model—All eukaryotic Glul homologs share similar
substrate specificity to the glucotriose discussed here. This sub-
strate has not been tested with prokaryotic Glul homologs,
which are active against other oligosaccharides; however, pro-
karyotic glycans have not been shown to contain the glucotriose
oligosaccharide with the a(1—2) and a(1—3) linkages (51).
Therefore, residue conservation in GH 63 enzymes can be con-
sidered in light of the binding model proposed here. Using the
structure-based sequence alignment shown in supplemental
Fig. S3, supplemental Table S3 presents the conservation of the
key residues involved in mode A3, the likeliest binding model.

DISCUSSION

We have determined the first eukaryotic structure of Glul, a
large glycosylated GH 63 enzyme responsible for the first step
in the N-glycosylation trimming pathway. The catalytic resi-
dues are identified from the structure to be Asp®®® and Glu””?,
mutations of which abolish activity. Using docking methods
with inhibitors and the substrate as ligands, we have mapped
the active site cleft, and proposed a substrate binding model.

Cwhtlp Structural Features and Key Residues—Cwht1p con-
sists of two domains joined by a linker helix; the N-domain is a
super-B-sandwich, and the C-domain is an (a/a), toroid with
additional structural units, termed the C’-region, on one face.
The two closest structural neighbors (YgjK and TTHA00978)
are GH Family 63 members with Cwh41p, validating the CAZy
sequence-based classification for these proteins. Like Cwhtlp,
all of the characterized closest structural neighbors are invert-
ing glycosidases (supplemental Table S2); the active sites of four
of these nearest neighbors have been characterized. These
enzymes vary in substrate specificity, and are similar to either
both or one (the (a/a)4 toroid) domain of Cwhtlp. Catalytic
activity is found in the center of the (a/a)4 barrel. The sub-
strates can access the active site on the same face as the C’
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region; thus this region, which varies greatly between structural
neighbors, likely provides substrate selectivity.

The role(s) of the super-B-sandwich domains in Cwht1p and
its structural neighbors is unclear; this fold resembles a family
of carbohydrate-binding molecules (52). It may be involved in
protein-protein interaction with neighboring enzymes (oligo-
saccharyl transferase or a-glucosidase II) along the N-glycosy-
lation trimming pathway, or in interaction with substrate
N-glycoproteins. The glycans present on the N-domain of
Cwhtlp may or may not be found in the native enzyme; host cell
and expression conditions often result in altered glycosylation
patterns (53—57). The glycosylated status of Cwhtlp does not
affect catalytic activity in vitro (58). Thus, no specific conclu-
sion can be made about the role or presence of these glycans in
Glul across species.

Cwhtlp is the soluble C-terminal construct of Cwh4lp, a
type II membrane protein. In the model of Cwhtlp, the N ter-
minus protrudes from the convex face of the protein. In
Cwh41p, this would be the location of the 33-residue trans-
membrane pass across the endoplasmic reticulum membrane.
There is no clear electrostatic or hydrophobic patch on this face
of the protein to indicate interaction with the membrane. In
previous overexpression studies of the full-length Cwh41pin S.
cerevisiae, both the membrane-bound and a soluble truncated
form were isolated, despite the presence of a range of protease
inhibitors during purification (23). This evidence of proteolytic
cleavage of the protein in its native host could indicate that a
portion of Cwh41p is present and active in its soluble form in
the endoplasmic reticulum, without being tethered to the
membrane. Similar proteolytic release of transmembrane pro-
teins has been seen for glycosyltransferases in the Golgi
(59— 60).

Previous studies have shown the in vivo and in vitro effects of
mutations within a-glucosidase I. From the structure-based
sequence alignment, residues associated with these mutations
were aligned with the Cwhtlp structure. The results are sum-
marized in Table 2. In general, any mutations interfering with
the active site have been shown to reduce activity, as expected.
No N-domain mutations, nor any benign mutations, have been
reported in these studies. Aside from Cwhtlp, two smaller con-
structs of Cwh41p (Cwht2p and Cwht3p) were cloned and their
expression attempted in S. cerevisiae by others (58) and in P.
pastoris by ourselves (28). Analysis of the structure of Cwhtlp
sheds light on their lack of expression in the two different hosts
(Table 2).

Catalytic Residues of Glul—Prior biochemical studies have
proposed two pairs of possible catalytic residues in Cwh41p:
Asp®®** and Glu””"! of Cwhtlp (from primary sequence align-
ment with prokaryotic Glul, Ygjk (27)); and Asp®** and Glu>*°
(from primary sequence alignment with proposed mammalian
Glul substrate binding motif (26)). Alanine mutations of Asp>®*
and Glu®®® have shown a loss of Cwhtlp activity (58). Within
the structure solved here, these two residues are found at the N
terminus of helix CH6. They face the interior of the structure,
and make polar contacts with several residues in the loop fol-
lowing C'H2. Given the solvent-inaccessibility of these amino
acids, they are not likely to be catalytic residues. However,
mutation of these residues to alanine, a small nonpolar resi-
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TABLE 2
Proposed effects of known a-glucosidase | mutations or truncations

Non-yeast mutations have been aligned to Cwht1p using the structure-based sequence alignment, shown in Figure S4. Structural terminology is consistent with Fig. 1 and

supplemental Fig. S2.

Aligned
Cwhtlp
Source Mutation Known effect residue Location on Cwhtlp structure Proposed explanation for mutation effect
Human, CDGiiB R486T No binding to Sepharose; Arg*®  Active site; in between sites A Improper binding pocket shape and
no catalytic activity and B. hydrogen bonding atoms; reduction of
substrate binding
Human, CDGiiB  F652L No catalytic activity; Tyr®*  Loop between CH7 and C’S5 Restructuring of loop at active site; possible
reduced binding to interference with substrate binding.
sepharose.
Yeast G725R Loss of activity Gly®? Loop between CH9 and CH10;  Large volume of arginine causes steric
facing protein interior clashing and loop rearrangement.
Human, Der7-1  S440F Loss of activity Ser®7® On protein surface before CH2  Creation of a hydrophobic patch, prone to
mutant aggregation
Yeast, laboratory ~C-terminal construct No expression Construct begins at random coil  Exposure of LH1 hydrophobic patch,
construct beginning at Arg>®’ linker region prior to LH1 conducive to misfolding and degradation
Cwht2p or aggregation
Yeast, laboratory ~C-terminal construct No expression Construct begins at long Construct does not encode a full domain,
construct beginning at disordered loop between CH4 resulting in incorrect folding
Cwht3p Met**? and CH5

due, would disrupt the contacts with the C’-region, possibly
leading to misfolding. This is consistent with the decreased
expression levels and abrogated catalytic activity of the
D584A and E580A constructs. No studies have been pub-
lished documenting the mutation of Glu””! or its corre-
sponding residue in other homologs. In the Cwhtlp struc-
ture, Glu””" is solvent-accessible.

Alignment of the C-domain of Cwhtlp with the top-ranked
structural homologs reveals tight structural conservation with
GH-G and GH-L fold clans, particularly of the (a/a)q barrel,
despite the relatively low sequence identity (supplemental Table
S2). The C’'-domain is much more variable between structural
homologs, consistent with their variable substrate specificities.
Within the GH-G and GH-L clans, the active site is found at the
center of the (a/a), bundle. Hydrolysis proceeds via an acid-base
mechanism, utilizing a pair of carboxylic acidic residues to catalyze
the reaction. The catalytic residues (glutamate and aspartate) of
the characterized structural neighbors align with Glu””* and
Asp°®® of Cwhtlp, at the core of the bundle (Table 1 and supple-
mental Fig. S4C). Thus, these two amino acids are proposed to be
the catalytic residues for glycoside hydrolysis of Cwh41p. Cwhtlp
single and double point mutants at Asp®*® and Glu’”* were
expressed and purified (supplemental Fig. S5). They share similar
expression and purification properties to the native Cwhtlp, and
circular dichroism data indicates that the mutations have not
induced large structural deviations from the native state. However,
they are unable to cleave the tetrasaccharide substrate. Thus we
have obtained properly folded, non-catalytic mutants of Cwhtlp
for use in active site investigations.

Interestingly, in a structural overlay, the proposed catalytic res-
idues Asp®*® and Glu””" in Cwht1p align, respectively, with Asp>**
and Glu” of YgjK (Table 1 and supplemental Fig. S4C). This con-
trasts the primary sequence alignments (27), which supported
Cwhtlp Asp®®** and Glu””" as catalytic residues. Thus, the initial
primary sequence alignments were incorrectly aligned in the
region of Cwht1p Asp®*®. Three-dimensional information allows
an improved structure-based sequence alignment of the yeast,
bacterial, and mammalian GH 63 members (supplemental Fig. S3).
Using this alignment, the previously proposed (26) mammalian
(human) binding sequence °***ERHLDLRCW®* aligns with
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Cwht1p **°ELNVDALA W%, this is found in the C’-region of the
Cwhtlp structure. This loop does not align well with the prokary-
otic structures (YgjK and TTHA00978) and varies largely between
similar structures. The mammalian binding sequence was pro-
posed based upon chemical modification studies supporting the
presence of Arg, Trp, Tyr, and Cys in the active site. However,
there are several Arg, Trp, Tyr, and Cys residues in the three-
dimensional Cwhtlp structure that are conserved distant in pri-
mary sequence. In particular, Arg®®’, Trp®**!, Tyr"®, Trp”'°,
Arg”'!, and Trp”® line the proposed binding pocket, and are con-
served between the yeast and mammalian sequences in the struc-
ture-based alignment. Thus, the chemical modification experi-
ments proposed the mammalian binding motif can be
re-interpreted in light of the solved Cwhtl1p structure, to support
the catalytic site surrounding Asp®*® and Glu””".

Crystal Packing and Utility of this Model for More Active Site
Investigations—The crystal form used here (28) was the only
reproducible form found from screening and optimizing sparse
matrix screens. Packing analysis of this form shows that Cwhtlp
crystallized with two main interfaces and a total buried surface
area of 2203 A2 Each of the interfaces is much larger and more
thermodynamically favorable than average in crystallization (61,
62). The thermodynamic favorability of this crystal form could
explain why it was seen in multiple distinct conditions, and why no
other reproducible forms were seen with this construct across
many conditions.

The large interface contains many interactions between the
C-terminal His, tag of one monomer and the interior of the
(a/@)g bundle of a crystallographic symmetry-related mono-
mer (Fig. 2, B and C). These interactions contribute approxi-
mately one-fourth of the buried surface area and solvation free
energy of that interface, a significant contribution from this
non-native tag. Notably, His®® is hydrogen-bonded to Glu””*, a
proposed catalytic residue. His®**® ~#°® are also interacting with
several highly conserved residues (Asp>?, Phe®*, Phe®®”, and
Phe***) and one moderately conserved residue (Arg**®).

Following inhibitor (DNJM and miglitol) soaks at a high
inhibitor concentration (10 —100-fold K; or IC,,), the histidine
tag, rather than the inhibitor, was still clearly seen in the elec-
tron density of the active site (supplemental Fig. S6). Soaking
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FIGURE 5. Proposed model of substrate binding to the Cwht1p active site. A, schematic of trisaccharide and subsite nomenclature. Colors are consistent
with Fig. 4 glucotriose: the non-reducing terminal glucose is shown in yellow. Scissile bond is shown with a dashed black line. B, binding model shown on surface
representation of Cwht1p; the molecule is oriented as described in the legend to Fig. 4B. Sites A and B are as determined from monosaccharide docking.
Proposed sugar subsites —1, +1,and +2 are circled in yellow, green, and blue, respectively; catalytic residues are shown in red. In this model, the bond between
Glc1 and Glc2 (the —1and +1 subsites) is cleaved by Asp®®® and Glu””". B, polar contacts and stacking interactions between glucotriose and Cwht1p. Stacking

interaction amino acids are shown in orange; proposed catalytic residues in red; polar contacts in red dashed lines. Glc3, Glc1, and Tyr

799 stack together in the

docking results. Phe*** is found on a flexible loop between helices C’'H1 and CH4 that could move to stack with Glc3.

higher inhibitor concentrations resulted in crystal damage; it is
likely that displacement of the histidine tag disrupts this major
interface. As a result, this crystal form is not optimal for crystal
soaks and active site mapping, and so we proceeded with an in
silico approach to address these investigations.

Mapping Active Site with Inhibitors and Glucose—Intrinsic
tryptophan fluorescence experiments here provide preliminary
qualitative support for glucose binding (Fig. 3A). Additionally,
three Glul inhibitors have been characterized to date: miglitol and
DNJM, both single-ring glucose analogues, and the disaccharide
kojibiose, a(1—2)-linked glucobiose. In this work, docking studies
with these ligands were used to map the catalytic site.

All the single-ring ligands docked to two sites in the center of
the Cwhtlp catalytic domain: the proposed active site pocket
(site A) and a nearby pocket, roughly 12 A away (site B) (Fig.
4A). All top hits were found in site A. Within both sites, the
ligands made polar contacts with several Cwhtlp residues.
Notably among the site A contacts, the ligands interact with
two tryptophan residues (Trp”*® and Trp**'), and are blocking
solvent accessibility to two others (Trp”*® and Trp”®°); this
result is consistent with our experimental tryptophan fluores-
cence data. The docked ligand molecules also interact with
Asp®®® and/or Glu””*! (variable between poses), the proposed
catalytic residues. Blocking substrate accessibility to these res-
idues would certainly abrogate catalytic activity, and has been
structurally seen in other glycoside hydrolases inhibited by
monosaccharide analogs (47-50). Site B does not possess any
carboxylic acid residues necessary for glycoside hydrolysis, and
so is unlikely to be the active site pocket for cleavage of the
terminal glucose from the 14-mer oligosaccharide substrate.

Interestingly, the top binding mode found kojibiose with the
non-reducing glucose in site B, distal to the catalytic residues in the
active site pocket. Kojibiose makes several polar contacts in site B;
this pocket contains few hydrophobic residues, and so could be
involved in binding the hydroxyl groups of non-terminal residues
in the 14-mer biological substrate, Glc;Many,GlcNAc,. Cwhtlp
mutagenesis experiments, kinetic evaluation, and co-crystalliza-
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tion are required to experimentally investigate the potential role of
this pocket in inhibitor binding.

Glucotriose Structure in Determining the Substrate-binding
Model—Based upon catalytic residue accessibility, Glul sub-
strate selectivity, and glucotriose conformation, we evaluated
the docked binding modes to propose a substrate binding
model, as shown in Fig. 5. Subsite —1 is found under the loop
between CH9 and CH10, with Glc1 stabilized by polar contact
with Glu””” and a stacking interaction with Tyr”%’. Subsite +1
is the “active site pocket” where Glc2 makes specific polar con-
tacts with Trp®*', Asp®*?, and Trp”'° in this otherwise hydro-
phobic cleft. Subsite +2 contains Glc3, under the loop contain-
ing helix C'H1; Arg**® makes a polar contact with the sugar.
Another sugar-protein contact could take place following a
small conformational change from this pose: residue Phe*** is
found in the C'H1 loop, and could interact with the Tyr”*°-
Glc1-Gle3 stacking. The anomeric carbon of this Glc3 points
toward site B; the remainder of the 14-mer sugar could be found
in this cleft or instead could protrude outwards from Cwhtlp,
making minimal protein contact. The latter is supported by the
unchanged kinetic parameters between the trisaccharide and
tetrasaccharide substrates (28, 45).

Cwhtlp is expected to be a suitable model for other eukary-
otic homologs, all of which share similar substrate specificity
to the glucotriose oligosaccharide containing «(1—2) and
a(1—3) linkages. Conserved residues involved in the proposed
model are listed in supplemental Table S3. The catalytic resi-
dues Asp®®® and Glu””! are conserved across all species inves-
tigated; similarly, all residues interacting with Glc2 are con-
served. This is not surprising, as this is the binding site found in
many (o/a)g-barrel glycosidases with various oligosaccharide
substrates, and the polar contacts here orient the sugar ring to
place the anomeric carbon in place for glycoside bond cleavage
by the catalytic residues (63—65). In prokaryotes, Tyr’* is
highly conserved, but the residues interacting with Glc3 are not;
in the prokaryotic structures, the area analogous to site B is
occluded. Therefore, the unknown sugar substrate for the pro-
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karyotic GH 63 members does not bind in a similar fashion as
Glc3 in Cwhtlp. However, eukaryotic conservation at both
Glcl and Glc3 sites supports the model proposed above in rec-
ognition of the glycan substrate by the yeast enzyme.

Validation of in Silico Work—Despite the use of non-flexible
structure docking, the calculated K; values for the single-resi-
due ligands show reasonable agreement with the micromolar
range of values determined experimentally, supporting the bind-
ing modes seen. Similarly, the kojibiose binding affinities (top
mode 9.9 uM) were only roughly within the same order of magni-
tude as those determined experimentally (55 um with membrane-
bound Cwhtlp (15)). However, in glucotriose docking, the calcu-
lated binding energy ranged from 52 to 71 uM affinity. This is
20-fold smaller than the experimental K, value for the trisaccha-
ride substrate with a hydrocarbon tail of 1.28 mm with Cwhtlp
(45). This deviation is not unexpected as the binding energies are
more poorly predicted as the ligand size increases (66).

The precise structural location of inhibitors binding Cwht1p
is not definitively known. However, the docked results here are
in good agreement with single-ring ligands binding the active
sites of other inverting glycosidases (47-50). In addition, inhib-
itor soak damage of this crystal form, heavily dependent on
active site contacts, supports their binding at the active site, in
accordance with the docking results. These observations
regarding the accuracy of binding modes and affinities are in
accordance with what is seen in the literature. The scored affin-
ities are not highly accurate in general; the strength of docking
methods lies largely in the accurate predictions of the pose ori-
entations, and less so in energetic calculations (66, 67).

Conclusions—The structure presented here at 2-A resolu-
tion, and its proposed substrate-binding model, establish the
underlying basis for the high substrate specificity of eukaryotic
Glul. Furthermore, these results demonstrate the use of in silico
modeling as a method complementary to experimental work.
The structure and model will inform further research into the
relationship of Glul with its unique glucotriose substrate, and
pave the way for investigation into structure-based drug design
toward specific N-glycosylation inhibitors.
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